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FORWARD

As esti m at t~d 
11x10 18 k i lo  j ou lt’s of ener gy is stored on earth each year

as plant material , providing an energy equivalent of 5xlO~ barrels of oil
per second (I). During photosynthesis , much of this energy is trapped in
the anh ydroglucose pol yme r , cellulose , and this cellulose constitutes our
most abundant energy source (2). A large portion of this cellulose is
wasted (more than 9x108 metric tons annuall y in the United States alone) and
this waste is p rojected to increase in the future (3). Beginning with the
passage of the Solid Waste Disposal Act (Public Law 89-272), research efforts
toward more effective means of disposal and bioconversion of waste cellulose
to useful p roducts have gained new economic and environmental i mportance .
The high temperature compostitig of municipa l refuse through the action of
the indigenous microf lora provides one method for vo l ume reduction , elim-
ination of pathogens , and conversion to a useful product. Since cellulose
constitutes about 5O~ of the munic ipa l refuse (largel y in the form of waste
paper) , the rate of cellulose degradation during the coniposting process
controls the efficiency of the overall process (14). Therefore , the stud y of
those nhicroo rcjanisms responsible for cellulose degrad ation during co lp o s ti ry
is of prime i mportance in efforts to imp rove the rates of composting and the
quality and stability of the finished product. Many of the available data
on large scale municipa l refuse composting have been obtained from studies at
the Joint US Public Health Service-Tennessee Valley Authority Compost in g
Project at John~on City, Tenn. This pilot project , ope rated from 196 -/ l ,
provided an integrated eva l uation of the microbiologica l , engin eer~ng ,
econor ;ic , and agricultural aspects of the composting process as a means of
waste conversion to a usable agricultural product. The microb iolog ica l
studies on cellulose degradation during composting as a rate-limit i ng taLto r
revealed that Thermotnonospora curvata , a theri nophilic actinomyce t~~, w s  th
mos t actively cellulol ytic of the flora isolated and tested (5). The follow-
ing report describes the results from a stud y on the cel l u l o l ytic abi l i t y  of
T. curvata and some factors which influence growth and ce llu lase ~roduc t i o n .  
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BODY OF REPORT (OBJECTIVES AND MAIN RESULTS)

Research Objectives: The main objectives of the research described in th is
repor t were as fo l l ows :

• a) to determine the effects wh i ch non-cellu losic soluble carbohydrates
have on cell ulase production by T. curva~ta;

b) to measure the effec t wh i ch certain metals (Al , Ca , Fe , and Mg) have
On ce ll ulase production and activity. These metals are those present
in the highest concentrations in municipa l solid waste compost (6);

c) to purify the various components of the cel lulase complex and to
characterize their activities on a variety of substrates;

d) to measure the extent wh i ch 1• curvata can degrade a range of
substances commonly found in municipa l refuse compost , such as waste
pape r and cardboard p roducts , canning wastes , and agricultura l
cel lulosic refuse ;

e) to determine whethe r 1.. curvata could degrade any of the wide range
of c e l l u los i c p lastics currentl y used in comme rcial packaging.

Significance of Research Objectives: The rational behind the research
objectives stated above is as follows :

a) to define the ce l iu l o l ytic potential of T. curvat a , both as a
dominant microorganism in the indigenous rnicro flora of hi gh-temperat ure
composting, and further to determine whether pu re cultures of this
organism iould be suitable for conversion of cellu losic wastes to
usable substances such as soluble sugars ;

b) to determine the optima l conditio ns for celL t production and
for cellulase activity in order to provide a i .  i ing f u l bas i s fo r
manipulation of the composting physica l and chemical environment
to achieve maxima l rates of cellulose degradat ion .

Results and Discussion:

Cellulose degradation is catalzycd by an extracellular , multico mponen t
system which hyd r o l y z e s  the anhydro g l ucose pol ymer to soluble sugars , u~ ua ll y
a ixture of g lucose and cellobiose . Most of the study on the genetic control of
(
~~1lu Ia se production and the induction- repression of its synthesis has been
L~~ rie d out on Trichoderma specie s , and results have indicated that a variety of
sugars can act as inducers of ce ll ula se production at one concentration and as
repressors at higher concentrations (7,8). However , little  description has been
flkide of the mechanism of this dua l effect. In the presen t studies on 1. curvata ,
the kinetics of ceilulase repression by glucose appeared identica l to those
ex h i b i t e d  by the be tag l ucosidase sys tem i n E s c h e r i c h i a  as descr i bed by Pas tan
and Pen man (9). Both phases of “cata bol it e rep ression ” were apparent when
cultures of 1. curvata growing on cellulose were exposed to lO 2M glucose. The
transient phase occurred within 30 mm of glucose addition and lasted for
approximately 20 h; cellulase production again resumed after that time but at a
rate about one-half that of the contro l (permanent repression). Cyclic adenos i ne
monophosphate (cAMP) had been shown to act as an antagonist of catabo lite
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repression in ~.scherichia (10) , and therefore , studies were made to determine
the relationship of intracellular and extracell uia r levels of cAMF> to cellulase
production in 1. curvata. Fi gure I illustrates the time course of extra ce llu lar
cAMP , cellu lase , protein , and reducing sugars accumulation in culture fl i id s of
T. curvata grown on ground cotton fibers as the sole carbon and energy source.
The rates of extracel lular cAMP and cel lu lase accumulati on were parallel oven
the entire 5-day growth period . Howeve r , the concentration of intracellular
cAMP (data not included in this figure) dec reased rapidl y from about 7 picomo les
per j’g cell N at 10 h to about one picomo le at 40 h with little increase for the
remainder of the 5-day growt h period . It is apparen t from these data tha t the
intracellu la r leve l of cAMP is decreased during cellulase production by excretion
of the cycli c nuc l eot i de into the m ed i um when the l eve l of free reducing sugars
eaches detectable concentrations. In additional studies , exogenous cAMP (1 mM)

not reverse the catabo lite repression ; th i s lack of reversa l is probably due
- - • k i m p e n ~~~

- i b i  Ii t.y ot T. curvat .I to the cyclic nuc leotide , indicated by
appar ent lack of 3H- labe lled cAM1~ uptake by the cells in preliminary experiments.
The relationship of cAMP to cel lul as e synthesis regulation should be further
explored: Kline and co-workers (II) have demonstrated that a variety of im idazo le
acetic acid and indo le acetic acid derivatives can substitute for cAMP in
re gulation of catabolic enzymes. Such derivatives should be tested for their
effect on cel lulase regulation in .T. curvata.

Studies were conducted to det erm ine whether glucose or a metabolic product
the reof was the active repressor in the celluase system. This was accomp Hshed
by ieplaci ng glucose by non-mn etabol izable analogs , 2-deoxyg l ucose (2-DC) and
alp ha-methy l gluco side (MG). Neithe r of these compounds were utilizable as car-
bon and energy sources by 1. curvata as shown by lack of growth on pro l onged

• incubation . Figure 2 illustrates the effect of 10 2M 2-DC on extracellular
cellulase and protein accumulation in fluids of 1. curvata cultures on ground
Cotton fibers. Complete repression of cellulase synthesis was achieved shortl y
after addition of the analog . This effect was similar but somewhat less marked
in the case of MG (Fi g. 3). In both cases , however , it was apparent that
glucose and not a degradation p roduc t is the repressor of cellulase production .

Cellobiose , the predom i nant breakdown product of cellulase action on
crystalline cellulose , has been demonstrated to be a poten t rep ressor of cell-
ulase synthesis in studies on both fungi (12) and bacteria (13) . However , t E - i s
disaccharide induced cellulase productio n in T. curvata, and wh i le not as potent
an induce r as crystalline cellulose , supported significant enzyme levels in
continuous cultures as shown in Table 1. Converse l y, lactose has long been known
to be an excellent induce r of cellu lase production in Trichoderma (12). However,
in T. curvata , lactose was a potent repressor even at very low concen t rations.
Figure 4 illustrates this repres-.ive effect of lactose in continuous culture
under stead y state conditions. When the culture of T. curvata gorwing on
cellobiose was pulsed with a 41,M concen t ration of lactose , cell ulase pro~-Juction
ceased i mmediately and did not resume until the lactose had been diluted out ,
despite the increased growth caused by lactose ,‘ddition . These conflicting
results indicate that induction of ce llu lase synthesis in !. curv ata m erits
furthe r study to ascertain the contro l mechanism.
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In addition to catabo lite repress i on by g l ucose , it was found that disac-
• char ides  a l so  ca used pe rman ent rep ression of c e l l u lase p roduct ion , altho ugh

this varied from one suga r to another. For example , growth of 1. curvata on
ce l lob iose  “primed” the ce l l s  for ma~ ima 1 ccll ulase production after washing
and t ransfer  to cotton fibers, whil e growth of cells on ma l tose before transfer
to ceHulose caused permanent repression lasting for the duration of a 4-day
incubation period . These results are shown in Fi g. 4.

The permanen t repression of cellu lase production by maltose ra i sed the
question of starch degradation in compost (since ma l tose is the predominant
product of starch hydrol ysis) and its effect on the initiation of cellul ose
degradation . Starch comprises up to 6~’ of biodegradable materia l in compos t
(14 ) and con.,titutes more available source of soluble sugars; its degradation
has been suggested (15 ) as an ea sil y mon i tored criterion of composting rates.
Al thou gh Bergey ’s Manua l (16 ) describe s 1. curvata as non-amy l o l y ti c , our
studies ind i cated that the actino mycete produced hig h l eve l s  of ex t race l l ul a r
u-amylase (17 ). However , the c~-amy lase synthesis by 1. curvata (arid the
products liberated by its action) apparentl y does not interfere with cellulase
production . Further studies (18 ) on the products of the purified an-~Iase
demonstrated tha t ma l tose was not a product wh i ch d c c l ’ U l 3 t e s  from L- ~L!L*~z—amy las e, ra ther , a mixture of tetras accharide and pentas accharide was pr ti ccd .
These studies on the interrelationship of cellulase and amylase in 1. curvata
i ndicate that this organism is capable of degradation of both starch and
cellulose and that the presence of starch in compost should not si gnificantl y
de ter c e l l u las e syn thes is , provided that large populations of other amylol ytic
microbes (whi ch libe rate maltose as the predominant starch hydrolysis products)
are not established . Although thermophi lic actinomyce tes are the predominant
organisms in the composting environmen t ( 2 ), the effect of major interactions
of m i c rob i a l  populations at various stages of composting must be evaluated.
The metals (Al , Ca , Fe and Mg) occurring in high concentrations in municipal
refuse compost were studied as to their effects on ccl lulase synthesis ,
reac ti on ra tes , and thermal stability. These effects have been published (191
and need not be repeated here . However , the effects of these metals on
highl y purified individua l components of the cellu lase complex should be
measured. These studies depend on further refinement of purification pro-
cedures for the components wh i ch inc l ude the cellobiohydro lyse (Ci), the
endoglucanase (Cx), and the beta-g i ucos i dase- (cellobiase) . To date , the Cl
activity appears to reside in a sing le protein with a molecular wei ght of

~ho~ t 6xlO4D ; the C~ activity is divided between 3 disti nct proteins with
molecular we i ght in the range of 60-8OxlO3D. The cellobiase appears to be
exc l us i ve l y intracellular and does not appear in the culture fluids .

~ 

~~~~~~~~~ .• • .••. •~~~~~~~~



It was apparent from the literature that a major potential source of inh i b i t i o
?~ of cel l u l olytic activity in co mpos t was the widespread use of herbicides , part icu-

larly those wh i ch are water-soluble. A variety of these herbicides was tested as
to th ei r effect on T. curvata , but only di quat and paraquat (quaternary ammon i um
sal ts of 4,Ze ’ -bipyrid y l) we re found t~ be inhibitory . This inhibition has been
reported by Brock and Stutzenberge r (20) and shall be discussed only briefl y he re .
Fig. 5 illustrates the rap id cessation of growth after the addition of di quat or
paraquat (20 jig/mI) to T. curvata cultures growing in minima l medium . The inhIh~-
tory effect on cellulase production by he rbicide was somewhat slowe r (Fi g. 6) but
no less complete. Wilkinson (21) has pointed out the fact that these he rb i cides
accumulate to hig h levels in plan t tissues and persist for long periods of time .
For example , he rbage from a pasture sprayed wit h paraquat (one lb/acre) had a
200 ppm concentration of paraquat (ten-fold that used in our studies) four weeks
later ; cattle excreted 7-L,2 ppm paraquat in their feces after grazing on that
herbage (22). Such concentrations are well i n  excess of those needed for
inhibition of g rowth and cellu lase production by 1. curvata , and could limi t
cellulose degradat i on in composting agr icultural wastes .

The capacity of 1. curvata to degrade a wide range of ce ll u losic substance~
usua l l y  found in municT~al solid waste compos t (such as paper , cardboard , pla nt ,

~nd canning wastes) has been described recently (23). The abili t y  of the organis m
to degrade these substances is influenced by association of the cellulose with
li gnin , by coating of the paper , and by the grinding process. Howeve r , the
stability of the extracellu lar cellu lase is also a factor; althoug h it does not
unde rgo the rma l denaturation at 52 C (the usual temperature for culturing T. curv ata )
cellu lase activity in the culture fluids declines rap idly on prolonged inc ibation .
Previous reports (24 ,25) have i ndicated that a variety of enzyme s are regulated
by proteolytic activity during carbon starvat ion . In preliminary studies on
protease synthesis in T. curvata , we have found that this enzyme may serve a
variety of funct ions . Thermop h i l i c  actinomycetes have proven to be an i mportan t
source of proteases (26) and these enzymes may enable them in nature to e l iminate
competitive microbial populations by ly sis (27). The role of a protease in the
stability of extracel lular cellulase has been suggested (28) and should be studLd
further in this regard.

In a previous p rogress report (for the period ending July 1 , 1977 ) , the ability
of T. curvata to degrade some ce li ulos i c p la stics ~ was described. Coated cello-
phanes are wide ly used in the packaging industry and can be eas ily b roken d o n
by this the rmoph i l i c  actinomycete , althoug h cellulose acetate appears to be
ve ry resistant to enzymatic attack . T. curvata can use cellob i ose octaacetate
as a ca rbon and energy sou rce , and peThaps growth on this soluble derivative w i l l
increase the ability of the organism to degrade cellulose acetate.

I n summa ry , this research has demonstrated that 1. curvata possesses cellu lo-
l ytic potential wh i ch may be profitably exploited in a wide range of applications .
Its thermophi l i c  nature diminishes the cooling costs in indus trial applicatio ns ,
faci li tates solid-li quid separa tion operations , and prevents the surviva l and
accumulation of most organisms pathogenic to man . We have recently obtained
a number of T. curvata strains isolated f rom a variety of environments in both
the United States and Eng land. Of the strains available , selection w i l l  be made
s to rnax~rna l ccl lase production am i d s t a b i l i t y ,  maxima l temperature tor growth .

and nh r .imum nutrient requirements . lhi s s t r a i n  selection , together wit h n~ut~~
genesis and metabol i te gene regulation stu dies (11 ) alre md y appear prom isi n~~.

• A l l cel lu l osic plastics courtesy of Film Division , Ol in Corporation .

-
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